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In this work we study some features of head-on mergers of equilibrium solutions of the Gross-
Pitaevskii-Poisson system that rules the dynamics of the ultralight bosonic dark matter model. The
importance of equilibrium solutions is that they play the role of halo cores in structure formation
simulations. We consider a given range of initial conditions in order to sample the parameter space in
terms of mass ratio and head-on momentum. In each case we analyze the relaxation process induced
by gravitational cooling in the high and low momentum regimes and estimate the relaxation time
scales in each case. We detect a low frequency mode in the whole parameters space and it was
found that the resulting configuration oscillates under this mode with amplitude that depends on
the mass ratio and head-on momentum. In some cases the resulting configuration oscillates with
changes in density of two orders of magnitude and with a matter distribution that is far from
isotropic. These results could contribute to the collection of possible mass distributions considered
in the reconstruction of mass profiles obtained in structure formation simulations.
PACS numbers: keywords: dark matter – Bose condensates
I. INTRODUCTION
Lately ultralight bosonic dark matter has gained great
interest since such type of dark matter candidate gives
rise to reasonable predictions at galactic, cluster of galax-
ies and cosmic scales [1–5]. In contrast to the standard
cold dark matter model, in this model the formation of
substructure at small scales is suppressed and therefore
the missing-satellite problem is avoided. Additionally,
given the smallness of the mass of the boson, its charac-
teristic wave-length is of order of kpc, as a consequence
all particles making up a macroscopic configuration lay
in the ground state within a Bose-Einstein condensate
of critical temperature in the TeV scale [6]. The evo-
lution of structures is then modeled by the mean field
approximation of the condensate represented by a wave
function that obeys the Gross-Pitaevskii equation along
with the Poisson equation (GPP system) describing the
self-gravity of the system. At local scales, phenomeno-
logically this is interesting since core-like density pro-
files arise naturally without feedback from baryons [7, 8].
From structure formation numerical simulations, it has
been concluded that this type of dark matter forms the
same structures as CDM at cosmological scales, and con-
sequently this model predictions are compatible with ob-
servations of large scale structure [9–11].
An interesting feature to look at is the relaxation pro-
cess of structures formed due to mergers of smaller sub-
structures. It has been illustrated that the wave-like na-
ture of this fuzzy dark matter implies oscillatory and
interference phenomena due to the nature of the GPP
equations [7, 9, 12, 13]. From large scale simulations it
has been inferred that the structures have a core-halo
density profile. It is claimed in fact, that the core shows
a density profile similar to that of equilibrium solutions of
the Gross-Pitaevskii-Poisson system [7, 9]. Nevertheless,
as we show in this paper, the dynamics of the interac-
tion among structures has some cases that might affect
the stability and dynamics of the relaxation process and
thus restrict the core-tail density profile of structures.
Various works in the last years have found that the
results of mergers tend toward a virialized configurations
that show a stationary density profile with a core-like
central shape and a NFW-tail at external radii arisen
from the interference during the merger [7, 9, 12, 13].
In [13, 14] the spatial structure of this core-tail density
profile was characterized by deriving a core-to-halo rela-
tion. Additionally, the oscillatory nature of this interac-
tion among structures was linked to further phenomena
in galactic dynamics. Particularly, it is claimed that some
signatures of the interference patterns in the tail can arise
as turbulence and vorticity. More recently, the existence
of nonvirialized overdense wavelets and core oscillations
that may provide further tests to dynamical aspects of
this kind of dark matter in galactic dynamics was pointed
out [15, 16].
The results of the present work and [17] place vari-
ous new questions and open issues over the table regard-
ing the dynamics and relaxation of structures resulting
from mergers. Specifically, we find that mergers arising
from head-on encounters of axial-symmetric configura-
tions virialize, depending on the final size of the structure
and the mass of the boson, in time-scales that run from
tenths of gigayears to the age of the Universe. Thus,
there is not a final configuration with a steady density
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2profile. At most, a core-tail structure of density arises as
a time-average profile [17]. Furthermore, in this work we
find that solutions to the GPP equations for the head-on
merger of structures are complex and enclose rich dy-
namical aspects that have been left behind in previous
studies.
In this paper we present the relaxation process of sys-
tems resulting from the head-on merger of two cores.
This is a much simpler system than those arising in
structure formation simulations, where many structures
interact and clump together to form structures with a
classifiable density profile. However simple as it is, the
merger of two equilibrium configurations illustrates how
complicated the relaxation process is. It also illustrates
in some cases, how the configurations resulting from
mergers might show tremendous dynamical behavior that
might prevent the coexistence of dark and luminous mat-
ter as found for specific situations in [18]. The analysis
of relaxation processes of localized clumps in structure
formation simulations based on the GPP system of equa-
tions, is restricted by computational power, since the res-
olution required to resolve binary mergers is unpracti-
cal. Thus, our study of binary head-on mergers can use
2D simulations with axial symmetry. This allows one to
monitor the evolution of the system during a given time
window and follow the relaxation process. It also allows
one to be systematic in the sense that we can study vari-
ous scenarios involving different head-on momentum and
mass ratios.
The paper is organized as follows. In Section II we
describe the methods used for the solution of the GPP
system and the set up of the initial conditions for the
merger analysis. In Section III we present our results.
Finally in Section IV we describe the conclusions of our
analysis.
II. SOLUTION OF THE HEAD-ON MERGER
A. Evolution
We solve the GPP system of equations which can be
written in code units as
i∂tΨ = −1
2
∇2 + VΨ
∇2V = |Ψ|2, (1)
which drives the dynamics of a Bose Condensate. Here, Ψ
represents the wave function of the system ground state
and |Ψ|2 is interpreted as the macroscopic density of the
condensate and V is the gravitational potential sourced
by the condensate itself. Notice that we do not include
the self-interaction term and consider only the free field
regime know as the Fuzzy dark matter case, which is the
one analyzed in 3D simulations [7, 9, 12].
System (1) is solved as a constrained initial value prob-
lem for Ψ, in a finite domain, with boundary conditions,
given initial data for Ψ consistent with V . Since the sys-
tem is not expected to be stationary, Poisson equation
acts as a constraint that has to be fulfilled during the
evolution.
We solve this problem numerically in 3D with axial
symmetry following the recipe in [19, 20]. Basically,
we define the problem on a two dimensional numerical
domain in cylindrical coordinates r ∈ [0, rmax] × z ∈
[zmin, zmax], and solve it using a second order finite differ-
ences approximation on a uniform grid, integrated in time
using the method of lines. We solve Poisson equation for
V with a Successive Over Relaxation (SOR) method with
optimal acceleration parameter, at initial time and dur-
ing the evolution when required at the intermediate steps
of the time integration.
In order to simulate a system with no influence from
the exterior, we implemented a sponge by adding an
imaginary potential starting from a zone beyond that of
physical interest and until the boundary of the numerical
domain V → V + Vim, which acts as a sink of particles
[21]. Specifically, we implement this sponge outside a
sphere of radius rsponge in a region outside of the re-
gion of the mergers studied. In order to absorb as many
modes as possible, we choose Vim to have a smooth pro-
file of the form Vim = −V02 [2 + tanh(r − rsponge)/δ −
tanh(rsponge/δ)], where δ is the width of a transition re-
gion centered at r = rsponge between the physical zone
where Vim = 0 and the zone of the sponge.
B. Initial conditions
Initial conditions correspond to the head-on collision
of two equilibrium solutions of the GPP system and is
set as follows. Equilibrium configurations are station-
ary solutions with spherical symmetry, constructed un-
der the assumption of spherical symmetry and harmonic
time dependence of the wave function Ψ = e−iωtψ(r),
which defines a Sturm-Liouville problem with eigenvalue
ω (see e.g. [22] for a complete description). For the bi-
nary system one needs to construct a wave function con-
sisting on the superposition of the wave functions of the
two equilibrium solutions and the method to define the
initial wave function is as follows. First, the two equi-
librium configurations that will collide are placed along
the z axis at a given distance from the coordinate ori-
gin. Second, we add a finite head-on momentum pz to
each configuration in order to consider various scenarios
starting from the free-fall case. Third, we also want to
collide configurations with different mass ratios. We aim
to sweep a wide range of these two parameters in order to
obtain a complete catalog of initial conditions which can
be mapped to those of any possible real system given the
scale symmetry of the GPP system as we shall explain in
short.
The details of this initial set up are the following. One
does not need to construct equilibrium configuration so-
lutions for different mass values by solving the resulting
3Sturm-Liouville problem, instead we exploit the scale in-
variance of the GPP system of equations [22]. This in-
variance indicates that under the transformation t = λ2tˆ,
x = λxˆ, Ψ = Ψˆ/λ2, V = Vˆ /λ2, where x represents any
spatial coordinate, and λ is any number, the system of
equations (1) remains invariant. Consequently, solving
the GPP system for a given configuration means one has
solved the system for all the equilibrium configurations.
This invariance is also reflected in derived quantities like
density and mass ρ = λ4ρˆ, M = λMˆ that are helpful in
the construction of different mass configurations.
In practice the workhorse equilibrium configuration is
that with the central value of the wave function ψ(r =
0) = 1 that we will call ψ(r)1 and has mass we call M1.
With this configuration one can construct another config-
uration with a different mass Mλ by choosing a value for
λ in the scaling relations above; consequently one would
have Mλ = λM1. In practice one only needs to use the
wave function associated to the workhorse configuration
and rescale it with the expression ψ(r)λ = λ
2ψ(r)1.
Therefore, in order to collide two unequal mass con-
figurations we choose the first one to be the workhorse
configuration described by ψ(r)1 and a scaled configu-
ration described by ψ(r)λ for a given λ. Notice that
according to the scaling relations, the mass ratio be-
tween the configuration with mass Mλ = λM1 is precisely
MR = Mλ/M1 = λ. By virtue of this scaling property,
it is possible to sweep the parameter space for binary
mergers of configurations with arbitrary mass, by simply
rescaling the workhorse configuration.
In order to monitor the evolution of the merger, it is
desirable to set the center of mass at the center of the
numerical domain. For this we take the convention of
0 < λ < 1 in all cases, so that Mλ < M1 always. We
choose the configuration with mass M1 to be represented
by the wave function ψL (L for left), centered initially at
a point (0,−z0λ) with z0 > 0. The configuration with
mass Mλ will be represented by the wave function ψR
(R for right), and will be centered at the position (0, z0).
The location of the two configurations defined in this
manner implies the center of mass lies at the coordinate
origin.
Now, we add momentum along the head-on direction
to each of the blobs. For this, we define a momentum
for the left configuration pLz and a momentum for the
configuration on the right pRz = p
L
z /λ, which maintain
the center of mass at the coordinate origin. The head-on
momentum is applied by redefining ψL → eipz·xψL and
ψR → e−ipz·xψR. Finally the wave function at initial
time is ψL + ψR. Our simulations are parametrized by
pLz that we simply will call pz in the reminder of the
paper.
In Figure 1 we show a scheme of the initial conditions,
where M1 > Mλ as assumed in all the cases. The center
of mass is then located closer to the configuration with
mass M1 since λ = MR < 1. The head-on momentum as
defined above pRz = p
L
z /λ, is bigger for the configuration
of smaller mass Mλ. An important consideration is that
CM                      
FIG. 1. Illustration of the initial conditions. The circles repre-
sent each one of the configurations. In all the cases M1 > Mλ,
pRz = p
L
z /λ > p
L
z and λz0 < z0.
we change the value of MR by keeping the value of M1
fixed, whereas we change the value of λ to obtain the
mass of the lighter configuration Mλ, its momentum p
R
z
and the distance to the center of mass, all at once.
III. RESULTS
For equal mass head-on encounters, it has been found
that maximum head-on momentum that guarantees the
total energy E = K + W < 0 is near to pz = 0.7
[19]. Then in our analysis, in order to keep the condi-
tion E < 0 for a bounded system required for merger,
and knowing that the momentum of the blob with mass
Mλ is p
R
z = p
L
z /λ := pz/λ > pz, we study the momen-
tum range 0 ≤ pz ≤ 0.5 only. Then we divide the cases
in low momentum regime that we cover with two val-
ues pz = 0, 0.1, and a high momentum regime that
we cover with momentum values pz = 0.4, 0.5. The
mass ratio parameter range is covered with runs con-
sidering from the equal mass case, to high mass ratios
MR = 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1. In all the
simulations we use values of pz such that the total energy
E = K + W is negative, so that the system is bounded
in all the cases explored and results in a merger. No-
tice that, since the only configuration that changes is the
one with mass Mλ while M1 is kept fixed, there are no
repeated cases among the cases explored. The results
of the simulations corresponding to the parameter space
explored can be found in Figures 2, 3, 4 and 5.
A. The Relaxation Process
The relaxation process can be monitored by the quan-
tity C = 2K +W , which for a virialized systems is zero.
For time-dependent scenarios, in which a structure is re-
laxing, one expects C to oscillate around zero with de-
creasing amplitude (see for instance [23–25]), but first let
us look at its initial value. In Figure 6 we indicate the
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FIG. 2. Diagnostics of the relaxation process for the case pz = 0.0 and the various mass ratios MR = 0.1, ..., 1.0. We show the
quantity 2K +W , the central density where the final structure centers ρ(0, 0) and the total energy E = K +W as function of
time t.
initial value of C = 2K + W for each of the configura-
tions studied. First of all it serves to show that the state
of all the different cases are different. It also illustrates
how kinetic energy dominates over gravitational energy
for the equal mass case over the unequal mass cases, and
shows also that C is bigger for higher values of pz.
In our head-on mergers, for all the values of pz, the
quantity C shows two different behaviors depending on
whether MR is smaller or bigger than 0.5. When the
mass ratio MR < 0.5, the amount C = 2K + W does
show oscillations around zero, however within the time
window of the simulations there is no clear sign of de-
crease. The quantity C shows a global maximum around
tmax = 100 for the low momentum regime and around
tmax = 50 for the high momentum regime, where tmax is
clearly related to the initial velocity of the two configu-
rations. After that point, the system looses gravitational
energy W and C starts oscillating around zero.
In the second regime, when MR > 0.5, the gravita-
tional cooling process becomes different, C = 2W + K
enhances and at tmax takes its absolute maximum and
the amplitude of its oscillations at larger times starts to
decrease. The reason is that, for our initial set up, the
initial kinetic energy is higher for bigger MR due to the
larger total mass M = M1 + Mλ for a given pz. In this
case, the total energy E decreases in the long term until
it seems to stabilize; this means that the kinetic energy
K (which has positive sign) is being released in the pro-
cess, and consequently the gravitational cooling is more
evident.
In order to outline this process quantitatively, we es-
timate the relaxation time for all the simulations. For
that purpose, we determine an envelope function of C,
which after the encounter approaches zero at the same
rate than the amplitude of C.
Let us describe the details of our calculation. Firstly,
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FIG. 3. Diagnostics of the relaxation process for the case pz = 0.1 and the various mass ratios MR = 0.1, ..., 1.0. We show the
quantity 2K +W , the central density where the final structure centers ρ(0, 0) and the total energy E = K +W as function of
time t.
we construct the normalized Cˆ(t) ≡ C(t)/C(0) estima-
tor of gravitational cooling. Secondly, we pick a set of
points by splitting the whole time domain in N bins
with uniform size given by T/N . Afterwards, we con-
struct the following succession of arrays Tˆ = {Ti =
[iT/N, T ]}i=0,..,N−1 which are defined by cutting off a
left subinterval of size equal to iT/N . The desired set
of points shaping the amplitude maxima are obtained as
a new succession made of the maximum elements in the
Tˆi arrays, that is {Ei ≡ max(Tˆi)} corresponding to the
dots in Figure 7 for a few particular scenarios. Later, we
determine a suitable minimum-square fit to {Ei}, E(t)
dubbed as the “ envelope ” of C(t).
Lines in Figure 7 correspond to minimum-square fits
using the proper functional form (linear and exponential
as we shall explain in short) for a representative set of
binary systems in each momentum regime and illustrative
values of MR. The dark-blue line in Figure 8 illustrates
how the envelope E(t) frames the peaks of C(t) for the
particular case of a binary system with pz = 0.4 and
MR = 0.6. We observe that the decay rate of C(t) and
the envelope are equal.
In the high momentum regime, E(t) for the lowest mass
ratios MR = 0.1 and MR = 0.2 corresponds to a linear
fit to the resulting dots in the T − (2K +W ) space (see
Fig. 7). Besides, MR > 0.2 and for all mass ratios in the
low momentum regime where the gravitational cooling
manifests more clearly, E(t) obeys a decreasing exponen-
tial law given by
C(t) = a e−t/t0 + c. (2)
Finally, we estimate the relaxation time Tv as the time
that passes since the collision until the instant when E(t)
reduces to 1%. In order to accomplish that, we solve the
equation C(Tv) − 0.01 = 0 numerically by using a mod-
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FIG. 4. Diagnostics of the relaxation process for the case pz = 0.4 and the various mass ratios MR = 0.1, ..., 1.0. We show the
quantity 2K +W , the central density where the final structure centers ρ(0, 0) and the total energy E = K +W as function of
time t.
ification of the Powell hybrid method as implemented in
MINPACK [26]. The resulting dots in T −MR turn out
to be clearly correlated according to the following power-
law for the best-fit
Tv = T0(MR)
−a. (3)
Figure 9 shows the minimum-square-root best fits for the
resulting dots in the T−MR space and its corresponding
1σ confidence region for representative pz values in the
high and low momentum regimes. This extrapolation
provides a quantitative way to estimate the relaxation
time of a merger with any MR in different momentum
regimes. The best-fit parameters and their corresponding
1σ errors for representative pz = {0, 0.4} are summarized
in Table I.
Let us now look closely to special features of the relax-
ation process in different momentum regimes.
High pz = 0.4 Low pz = 0.0
T0 2582± 533 1864± 363
a 0.72± 0.12 0.24± 0.12
TABLE I. Best fitting values of a and T0.
Low momentum regime. In Figures 2 and 3 we show
the relaxation process for the low head-on momentum
cases, namely the free fall head-on encounter pz = 0
and the case pz = 0.1. As mentioned before, an inter-
esting common feature either for low or high momen-
tum regimes is the different behavior of C(t) when MR
takes small and large values. However the process by
which this transition happens is different in both momen-
tum regimes. By looking at the behavior of the times-
series of the total energy E = K + W for the low mo-
mentum regime in Figures 2 and 3 and low mass ratios
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FIG. 5. Diagnostics of the relaxation process for the case pz = 0.5 and the various mass ratios MR = 0.1, ..., 1.0. We show the
quantity 2K +W , the central density where the final structure centers ρ(0, 0) and the total energy E = K +W as function of
time t.
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FIG. 6. Initial values of 2K +W . As expected these curves
grow with MR and the contribution of the kinetic energy for
the different values of pz.
(MR < 0.5), E is initially dominated by the gravitational
energy, this is clear since right after the encounter, the
gravitational well is enhanced. At later times kinetic en-
ergy increases and the derivative of the total energy tends
towards a constant value. A binary system with small
MR is similar to a big configuration being perturbed by
a small one, where the total energy barely changes at
large times and the derivative is bigger for larger MR.
At some point 0.4 < MR < 0.5 the asymptotic behav-
ior of the derivative changes dramatically. By looking at
E = K +W we can clearly notice that the system starts
loosing energy and the relaxation process becomes visi-
ble. In contrast to the high momentum regime which we
shall look in short, the transition in this case is softer.
High momentum regime. We show the evolution pro-
cess of cases pz = 0.4 and pz = 0.5 in Figures 4 and 5
respectively. In this high momentum regime we can spot
a sudden turn-over in the slope of the total energy. This
8FIG. 7. Envelope function E(t) for the amplitude of C = 2K + W for a sample different binary systems in the low and high
momentum regimes. The dots correspond to the maximum elements of the subintervals Ti framing the time-series of C. Solid
lines correspond to the best-fits of the framing-dots in each case which obey an exponential law. This quantity tracks the decay
of the virializing estimator C and is a key-piece to estimate the relaxation time.
FIG. 8. Envelope of the normalized time-series of C = 2K + W for a merger with initial MR = 0.6 decaying exponentialy
according to the model (2) with parameters a = 0.9, t0 = 500 and c = 0.2.
suggests that a low energy mode dominates and higher
frequency modes somehow are suppressed. On the other
hand, the total energy for this regime has a peculiar be-
havior since it suffers a turn over in comparison to the
low momentum cases. The existence of this turn-over is a
symptom of a loss of total energy produced by an excess
of kinetic energy carried by the smaller of the two config-
urations. This excess of kinetic energy allows the modes
carrying high energy to scatter away from the gravita-
tional binding potential. This turn-over of E in time
when MR is varied does not occur in the low momentum
regime.
B. Further discussion of results
Gravitational cooling. The traditional mechanism
for relaxation of the Schro¨edinger-Poisson (as originally
dubbed) is the gravitational cooling [23, 24]. Since there
is no other interaction than gravitation and the wave
function with itself, the only mechanism to relax would
be the emission of matter, which changes the value of the
gravitational energy of a system. Thus the gravitational
cooling is understood as the mechanism that consists in
the emission of matter and is more effective when the
system has more kinetic energy that can help carrying
matter off the gravitational potential well. The process
9FIG. 9. Correlation between relaxation times and the mass ratio parameter for representative values of total momentum pz = 0
and pz = 0.4 in both, low and high momentum regimes. In the two cases the central solid blue line corresponds to the best-fit
given by equation (3). Dotted lines enclose the 1σ region of the relation.
of gravitational cooling is faster for cases with initial con-
ditions that have a bigger excess of kinetic energy.
The low frequency mode observed in all cases. For all
the values of the momentum, the central density shows
a low frequency mode that calls the attention. For some
combinations of pz and MR the amplitude of the density
is small, like for pz = 0, MR = 0.3 in Fig. 2. For other
combinations, the oscillations of the central density are
prominent like for example in cases pz = 0.5 for MR,
except MR = 0.3, 0.8, 1.
The oscillation, with such an important amplitude, can
possibly be the responsible for avoiding the survival of
structures when there is a merger, as discussed in [18].
We now show this low frequency mode can be explained
by a perturbation with mode l = 1,m = 0, which is
consistent with the distribution of matter in a head-on
encounter. In order to show this, we apply a perturba-
tion to a single equilibrium configuration Ψ = Ψe + δΨ,
with δΨ = Alme
−(√r2+z2−rp)2/σ2pe−ikr
√
r2+z2Y 01 , Ψe the
wave function of the equilibrium configuration, rp is the
radius at which a Gaussian perturbation shell is centered.
We use three different wave numbers kr = 0, 1, 2 to make
sure the resulting modes do not depend on the velocity
of the perturbation, and Y 10 is the spherical harmonic.
The perturbation is such that the mass of the perturba-
tion is 0.1% of the mass of the equilibrium configuration.
The density measured along the z− axis and its Fourier
Transform are shown in Fig. 10. The low frequency mode
has peak frequency νlow ∼ 0.002, which corresponds to
a period of T ∼ 500 similar to that of the low frequency
mode of the configurations resulting from the merger.
High amplitude oscillations. In order to show how dy-
namical these oscillations can be, in Fig. 11 we show the
density profile along the radial and axial directions at
times where the central density is at the maximum when
t ∼ 402 and at the minimum when t ∼ 529. This example
corresponds to the free-fall case pz = 0 with MR = 0.9.
The cases for other values of pz and MR show a simi-
lar behavior. Notice how the density distributes in blobs
 300  400  500  600  700  800
t
kr=0
kr=1
kr=2
 0  0.01  0.02  0.03  0.04  0.05
ν
νlow=0.002 kr=0kr=1
kr=2
FIG. 10. Density measured along the z−axis for perturbations
with kr = 0, 1, 2. Also shown is the Fourier Transform of this
signal that shows the low frequency mode νlow = 0.002. The
peak at ν = 0.046 corresponds to the high frequency mode
observed in the time domain.
along the z axis when the central density is around a
minimum. The process is so violent that the central den-
sity at t = 402 is two orders of magnitude higher than
at t = 529. It calls the attention that this example cor-
responds to the free fall case, in which the total initial
kinetic energy of the system is the smallest one.
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This highly dynamical behavior can have two impor-
tant consequences. On the one hand, luminous matter
might not survive a merger of two structures and would
be expelled off the center of the configuration as pointed
out in [18]. On the other hand, this is a warning when
calculating the mass function of structures. As far as
we know, mass functions are averages of matter distri-
butions in full 3D structure evolution within the GPP
model, however it is not known whether this extremely
dynamical behavior is being considered in the calcula-
tions.
Time scales in physical units. So far the results in the
time domain use code units. A practical way of identify-
ing code and physical units uses the eigenfrequency of an
equilibrium configuration, where the core radius of such
equilibrium configuration and the boson mass are the re-
quired parameters for the translation [13]. For example,
assuming the mass of the boson m = 2.5×10−22eV , then
for possible values of the core radius, say rc = 1, 0.5, 0.25
and 0.125kpc, then every 1000 units of time in Figures
2 to 5, which contain the essential time-series used in
our analysis, correspond to ∼ 76, 19, 4.75 and 1.19Gyr
respectively.
Using this scaling one can also estimate the period of
the low frequency oscillations discussed above. For the
specific case with pz = 0 and MR = 0.9, for which the
period of this mode is Tlow ∼ 380 in code units, for m =
2.5 × 10−22eV , assuming the possible core radius of the
final configuration rc = 1, 0.5, 0.25 and 0.125kpc the
period is respectively ∼ 28.8, 7.2, 1.8 and 0.45Gyr.
IV. CONCLUSIONS AND FINAL COMMENTS
We carried out a systematic study of head-on mergers
between two equilibrium configurations that are solutions
of the GPP system of equations. The parameter space
explored includes the mass ratio between the two config-
urations and the head-on momentum.
We estimate the relaxation based on the decrease rate
in time of the diagnostics quantity C = 2K + W , which
should be zero in an ideally virialized system. In the
collision scenarios studied here, the final configuration
does not show this ideal behavior, instead this quantity
C oscillates around zero with a decreasing amplitude that
depends on the values of pz and MR.
There is this interesting threshold MR = 0.5 for all
the values of the head-on momentum, above which the
cooling process is more noticeable due to the amount of
kinetic energy that can be released during the evolution
of the system. For smaller mass ratios one of the config-
urations acts more like a perturbation and there is less
kinetic energy to be released, then the relaxation process
is slower.
There is a low frequency oscillation mode that calls
the attention, because in some of the particular combi-
nations of pz and MR, the central density of the final
configuration oscillates violently. It would be interest-
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FIG. 11. Snapshots of the density along the radial and posi-
tive axial directions for pz = 0 and MR = 0.9 at times t = 402
and t = 529, which correspond to a maximum and minimum
of the central density for the low frequency oscillation mode
shown in Fig. 2. This illustrates how at the maximum central
density, the profile is nearly isotropic whereas at the minimum
central density, the matter distributes in two blobs along the
z−axis.
ing to carry out a systematic analysis similar to that in
[18], that could establish the consequences of the kine-
matics of luminous matter in such a violently oscillating
environment.
In many cases of the scenarios explored, the central
density of the final configuration oscillates with this low
frequency and amplitudes that change even in two orders
of magnitude. The distribution of matter in these violent
cases evolve periodically from a nearly spherical distribu-
tion to a clearly l = 0,m = 0 shaped distribution. This
type of cases could be important in calculations of the
mass function estimates related to the core-halo profile
of structures obtained from 3D simulations. Depending
on the expected core radius of the final structure, the
period of this oscillation could range from a fraction of
gigayear up to various gigayears.
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